The long term antihypertensive effects of the chronic administration of diazepam (D) b e g i~i n g in the newborn period to Spontaneously hypertensive rat (SHR) is the subject of this study. The following treatment groups were investigated: SHR-D = SHR treated with diazepam; SHR-V = SHR treated with diazepam vehicle; WKY-D = Wistar Kyoto control rat (WKY) treated with diazepam: WKY-V = WKY treated with vehicle. Treatment was begu; on the 1st day of life. Injections of the following agents were made during hindquarter perfusion: norephinephrine bitartrate, epinephrine hydrochloride, angiotensin-11, barium chloride, and acetylcholine. SHR-V had persistent, progressive hypertension. The blood pressure of SHR-D rose slowly, but did attain levels higher than pressures of either WKY groups. In response to diazepam, the vascular resistance of SHR-D was reduced in comparison to SHR-V. SHR showed significantly greater vascular responses to catecholamines as comeared to WKY. These enhanced vascular responses were reduced, but not abolished, by diaze~am. When diaze~am was administered to adult SHR with established hypertensidn, the blood pressure was not reduced. No decrease in vascular reactivity was found. In conclusion, treatment from birth with diazepam exerts a profound effect upon the development of high blood pressure and elevated vascular resistance in SHR. Only the young prehypertensive animals treated chronically were responsive to diazepam. The major effect of diazepam may be mediated via generalized depression of vascular smooth muscle responsiveness.
The SHR developed by Okamoto and Aoki (17) is an excellent model for the investigation of the pathogenesis of a hypertensive state. Though suckling SHR are normotensive, hypertension is apparent soon after weaning. (13) The mechanisms responsible for the development of increased blood pressure in SHR are unclear.
Many studies suggest that an abnormal neurogenic stimulus may initiate or augment hypertension. However, the evidence for a central nervous system contribution remains controversial. Elevated hindquarter vascular resistance has been reported both to be relieved by (16) , and not relieved by (14) , lumbar sympathetic nerve section. Deafferentiation of the baroreceptors produces severe hypertension (21) . In addition, after sinoaortic deafferentiation, the blood pressure becomes extremely labile during environmental stimulation (3) . Studies of sympathetic nerve activity suggest that central sympathetic centers, uninhibited by baroreceptor influence, may become active in young SHR and participate in the development of hypertension (9) .
Hypertension can be initiated by environmental stress. Presumably this effect is mediated by increased sympathetic drive. Various stresses which include crowding (7), noise (15), and stressful learning situations (8) can cause hypertension. By raising SHR in a quiet, dark environment, thereby removing major environmental stimuli, the development of hypertension in SHR is retarded (10) .
Both because chronic stress is known to augment hypertension (24) and because decreased environmental stimuli decrease blood pressure (lo), we tested the effects of the chronic administration of the tranquilizing agent, diazepam, upon the development of hypertension in SHR. The long term antihypertensive effects of the chronic administration of diazepam to young SHR is the subject of this report.
METHODS
SHR were obtained from an inbred colony maintained in our laboratory. The SHR reported were the 5th through the 9th generation raised in these facilities and correspond respectively to the 22nd to the 26th generation, accurately traced back to the original pairing resulting in the derivation of this strain. Control rats were obtained from a colony of WKY that are bred and maintained under the same conditions which applied to the SHR. This strain is descended directly from the colony from which the SHR were isolated and are appropriate controls for the SHR strain. Animals were randomly assigned to groups on the 1st day of life and identified by marking the coat with colored ink. The animals were weaned on the 21st day of life.
Systolic pressure was measured three times weekly in the unanesthetized state by modification of the tail plethysmograph method described by Fridman and Freed (5) using an automated cuff inflator pulse detection system manufactured by Technilab Instruments (Pequananock, NJ). Before pressure measurements the animals were warmed in a cage with an air temperature of 35°C for 5 min. The data presented are the averages per wk of weight, heart rate, and blood pressure recorded three times weekly beginning after the animals attained the weight of 28 g.
The following treatment groups of 10 animals each were studied: SHR-D-spontaneously hypertensive rat treated with diazepam that was generously supplied by Dr. Leonard Cook, Roche Laboratories, Nutley, NJ (composition of vehicle includes propylene glycol, ethyl alcohol, sodium benzoate and benzyl alcohol) 1 mg/ kg subcutaneously (a dose which produced transient sedation, but no effect upon normal eating, drinking, or growth); SHR-Vspontaneously hypertensive rat given diazepam vehicle, also supplied by Dr. Cook; WKY-D-WKY given diazepam 1 mg/kg subcutaneously; and WKY-V-WKY given diazepam vehicle. The vehicle was administered in equivalent volume. Treatment was begun on the 1st day of life after randomization and continued 7 days/wk for 12 wk. Regardless of treatment group assignment, the rat pups were allowed to suckle their own mother.
After approximately 12 wk of treatment, or when the SHR-V animals were definitely hypertensive, hindquarter perfusion experiments were begun using the technique of Brody et al. (1) . Experiments were performed 24 hr after the last dosage. The rats were anesthetized using sodium pentobarbital 30 mg/kg. A midline cervical incision was made and a tracheal cannula was inserted. The carotid artery was cannulated for continuous recording of mean systemic arterial pressure using a Statham P23A pressure transducer and a Beckman Type RM recorder. The aorta was doubly cannulated, and the blood from the proximal aorta diverted through Tygon tubing inserted into isolated hindquarter above the level of the bifurcation of the abdominal aorta. Constant flow was maintained by a Sigmamotor pump inserted within the circuit. At constant flow, changes in perfusion pressure reflected proportional changes in vascular resistance. The blood flow to the hindquarter was adjusted so that the perfusion pressure closely approximated the systemic arterial pressure measured from the carotid artery. Drugs were injected intraarterially into a rubber cuff just proximal to the caudal cannulation site. The animal was anticoagulated using sodium heparin 5 mg/kg. A period of 15 min was allowed for anticoagulant action.
Injections of the following agents were made in volumes of 5-6 microliters using a 50 pl syringe (Hamilton Company Incorporated): norepinephrine bitartrate 0.06 &kg, epinephrine hydrochloride 0.06 &kg, angiotensin I1 0.5 &kg, barium chloride 1.0 mg/kg, acetycholie bromide 25 pg/kg (&en over 1 min). In addition, the lumbar sympathetic nerves were exposed and isolated. The nerves were electrically stimulated bilaterally at L-3 through a small bipolar electrode with square waves generated from a Grass stimulator. The electrical stimulus was 10 volts, with a pulse duration of 2 msec, at frequencies of 10 and 20 Hz. Changes in vascular resistance were calculated from changes in pressure in the isolated hindquarter.
An additional group of five adult SHR with established hypertension received similar daily doses of diazepam for 6 days. Preand posttreatment blood pressures and pulse rates were measured. After the 6th treatment day, 24 hr after the last dosage, vascular resistance studies were performed.
Data were analyzed using Tukey's multiple comparison procedure for analysis of variance (22) . Figure 1 illustrates the mean and SE of the tail cuff blood pressures of the four groups of animals. SHR-V had persistent, progresswe hypertension. During the 6th and 7th wk, SHR-D remained normotensive. However, by the 8th week the blood pressure of SHR-D rose to levels higher than the pressures of both WKY-D and WKY-V. No differences were observed throughout the experiment between the blood pressures of WKY-D versus WKY-V. Table 1 shows the body wt, heart rate, initial vascular resistance, and mean arterial pressure of the four groups of animals. The initial vascular resistance and systemic arterial pressure of SHR-D were reduced compared to SHR-V (P < 0.01). Despite this reduction, the vascular resistance and systemic pressure of SHR-D remained higher than the WKY groups ( P < 0.05). No effects upon vascular resistance were observed in WKY-D. No significant differences were seen in body wt or heart rate.
RESULTS
The responses to intraartehal norepinephrine at 0.06 p/kg (Fig.  2) and lumbar svm~athetic nerve stimulation at 10 and 20 Hz (Fig. 3) 
Changes in vascular resistance resulting from the vasoactive agents epinephrine, angiotensin, barium cKloride, and acetylcholine are summarized in Table 2 . Vasoconstrictor responses were reduced in SHR-D. The vascular responses to acetyldholine were also reduced by diazepam. No reductions were observed in normotensive control diazepam treated animals (WKY-D). ' Responses in SHR were significantly reduced by diazepam (p c 0.01).
Diazepam had no significant effect on responses in WKY.
In five adult SHR with established hypertension administered diazepam 1 mg/kg subcutaneously for 6 days, the blood pressure was not reduced by treatment (183 f 23 vs. 185 f 19 mm Hg) 1 (Table 3) . No significant differences in vascular reactivity were found between these animals and SHR-V.
DISCUSSION
Diazepam is a known psychotherapeutic agent of the 1, 4 benzodiazepine class whose chemical structure differs markedly from the commonly used antihypertensive drugs (15). Nonetheless, the chronic administration of diazepam from the newborn period prevented the full expression of hypertension in SHR. Treatment with diazepam reduced the blood pressure and vascular resistance to levels only slightly above those of the WKY group.
Diazepam treated SHR had diminished vascular responses both to stimulation of the lumbar sympathetic nerves and to the administration of the neurotransmitter substance, norepinephrine. Changes in vascular resistance ( m m Hg/ml/min). All doses a r e per k g body wt.
In addition, diazepam reduced the vascular responses of SHR to potent vasoconstrictor agents such as angiotensin, epinephrine, and barium chloride. Vasoconstrictor responses, unlike most vasodilator responses, are independent and not directly proportional to the initial vascular resistance (6) . A vasoconstricted vessel under high pressure might be expected to demonstrate a smaller percent of change in response to stimuli such as norepinephrine, tyramine, or sympathetic nerve stimulation. Nonetheless, the vasoconstrictor responses of untreated SHR to norepinephrine and lumbar nerve stimulation were steeper than those responses of the control animal, a response similar to that described by Lais et al. (14) . Diazepam modified these enhanced responses of SHR to resemble more the responses of the normotensive control animal.
The vasodilation response of SHR to acetylcholine was reduced. Though vasodilator responses are usually proportional to the initial vascular resistance (23), Folkow et al. (4) demonstrated anatomic changes with the vessel walls of arteries subjected to chronic pressure increases, which ultimately interfere with the capacity of the vessel to dilate.
Diazepam may cause a loss of responsiveness to the neurotransmitter as opposed to depressing the release of transmitter from nerve terminals. Other data, however, argue against a specific neurotransmitter effect. The diminished vascular responsiveness of SHR after the chronic administration of diazepam to barium chloride, epinephrine, and angiotensin suggests a more generalized depression of vasoconstrictor responses, rather than a specific neurotransmitter effect. This diminished responsiveness was specific for diazepam treated SHR and was not observed in WKY animals.
The acute administration of diazepam to adult SHR with established hypertension produced neither a hypotensive effect nor reduction of vascular resistance, ruling out acute dosage as the total explanation. This implies that chronic administration begun in the newborn normotensive phase is critical. An early normotensive phase has been documented, as SHR do not appear to have elevated arterial pressure until 3 4 wk of age (13) . Once the blood pressure is elevated, the hypertensive state is characterized by elevation of both systolic and diastolic pressure. Therefore, some unknown mechanism operates to transform the normotensive suckling SHR to the adult animal with severe hypertension. Though a central nervous system mechanism is not excluded, these data implicate the vascular smooth muscle as the common pathway to explain the diazepam induced reduction in blood pressure and resistance.
The cardiovascular actions of diazepam have been studied in the anesthetized, decerebrate cat (2). Diazepam causes a slight reduction in blood pressure, heart rate, and cardiac contractile force. The hypotensive action of iv diazepam 0.01 mg/kg in cat averaged 20 mm Hg, reaching a maximum in 2-3 min. The total duration of hypotension was 2-3 hrs. Both the hypothalamic and medullary pressor responses were blunted. The responses to stimulation of the stellate ganglia were unaltered despite iv doses of diazepam 6 mg/kg. Those findings demonstrate that diazepam has a mild depressant effect upon the central nervous system cardiovasculatory centers, with the hypothalmus most affected.
The normal vascular adaptive mechanism to increased arterial pressure is medial hypertrophy (19) . These structural changes are found in adult SHR (20) . Folkow et al. (4) have demonstrated that raising the basal resistance to flow may contribute to the elevated vascular resistance observed in hypertension. In addition, abnormalities of responsiveness in SHR vessels have been documented (I I). Three-wk-old SHR demonstrated vasoconstrictor hyperresponsiveness to norepinephrine at the time that hypertension was first detected. Though subtle structural changes may have already been present, they do not appear to adequately explain the specific effect of norepinephrine (12) . Thus, the greatest increases in responsiveness were seen with catecholamines. Our data corroborate these exaggerated responses to catecholamines and show that after diazepam, the vascular responses of SHR to catecholamines, but not WKY, are depressed and become similar to those in untreated WKY. Because the responses to all vasoconstrictors are attenuated, the vascular depressant actions of diazepam appears to be nonspecific. Although the mechanism is not known, the effect is seen only with chronic administration and is great enough to attenuate markedly the expression of hypertension in SHR.
In conclusion, treatment from birth with diazepam exerts a profound effect in SHR upon the development of high blood pressure and elevated vascular resistance. The acute administration of diazepam to adult animals with established hypertension fails to reduce blood pressure or vascular resistance. Though these data do not rule out a central effect, the major effect of diazepam, most likely, is to cause a generalized depression of vascular smooth muscle responsiveness.
